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ABSTRACT

Self Assembled (SA) thin films and Langmuir - Blodgett (LB) thin films are
emerging technologies for the development of chemical and bio-chemical sensors,
electrooptic films, second harmonic generators (frequency doublers), templates for
biomimetic growth etc.. However, the growth of these technologies is dependent on the
development of our understanding and control of the molecular arrangement of these
films. Thisisnot trivial since SA and LB films are essentially two-dimensional
monolayer structures. One of the goals of this project was to extend Sandia's
characterization techniques and molecular modeling capabilities for these complex two-
dimensional geometries with the objective of improving our control of the fabrication of
these structures for specific applications. Achieving this requires understanding both the
structure throughout the thickness of the films and the in-plane lattice of the amphiphilic
molecules. To meet these objectives we used atomic force microscopy (AFM), X-ray
reflectivity, and molecular modeling.

While devel oping these capabilities, three different materials systems were
fabricated and characterized: 1) Self Assembled Monolayers (SAMS) of
octadecyltrichlorosilane (OTS) and LB films of arachidic acid on silicon wafers; 2)
SAMs on PZT substrates; and 3) electrochemical deposition of CdS on LB film
templates. The SAMs and LB films deposited on silicon were characterized using
characterized using x-ray reflectivity. This technique proved to be useful for
understanding the molecularly layered structure in the direction perpendicular to the
substrate (see Appendix C). The study of SAMson PZT was anovel study. The self
assembly of OTS has been demonstrated and studied on silica surfaces however, in this
work we demonstrated SAM formation on PZT, determined the mechanism for SAM
formation on PZT, and demonstrated that SAMs on PZT can modify the surface
behavior. These results are discussed in detail in Appendix A and imply that SAMs may
be useful for micropatterning of PZT and development of next generation optics-based
microelectronics. In Appendix B thereis a detailed discussion about using LB films and
electrochemistry to create template assisted growth of thin films of CdS. In thiswork
atomic force microscopy was used to characterized the in-plane structure of LB films and
to study how the chemical functionality of LB films can effect the growth of CdS.



SUMMARY

Self assembled and Langmuir - Blodgett films have been the focus of intense
investigation in recent years. This results from the plethora of possible applications for
these unique two-dimensional structures. Applications include chemical and bio-
chemical sensors, electrooptic films, second harmonic generators (frequency doublers),
and templates for biomimetic growth. However, wide spread use of these filmsis
limited because characterization and control of their two-dimensional geometries has
proven evasive. The goal of this research project was to develop a capability for the
molecular level characterization, modeling and fabrication of SA and LB films for
possible applications in the previously mentioned areas. A farther term objective isto
use these new capabilities to improve our control of the fabrication of thin films for
specific applications.

The project was completed within three different materials systems and is
discussed in detail in Appendices A-C. The project was successful in developing
capabilities for fabrication and characterization of self assembled thin film structuresin
general. However, extensive modeling of the structures proved evasive and is not
discussed in detail. The most interesting characterization was completed using atomic
force microscopy (AFM) and x-ray reflectivity. The AFM can be used to study local
features rather than relying on data averaged over large areas to provide information of
molecular ordering. This alows the study of the in-plane structure such as local
ordering, defect structures, as well as grain boundaries. X-ray reflectivity can provide
detailed structural information throughout the thickness of these films.

Appendix A discusses the formation, characterization, and utility of OTS SAMs
on PZT substrates. Thisisanovel development. Appendix B discusses the fabrication
and characterization of CdS thin films that were formed by using LB film templated (i.e.,
biomimetic) growth in the presence of electric fields. Thisis another novel development.
Finally, the utility of x-ray reflectivity for studying the out-of-plane structure of SAMs
and LB filmsis demonstrated in Appendix C for films deposited on silicon wafers.

In general, the SAMSs studied were octadecyltrichlorosilane on silica and
hexadecyl mercaptan on gold. The LB films were cadmium arachidate. The following
pages highlight the fabrication procedures for the LB films. More detail is provided in
the appendices.
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LANGMUIR - BLODGETT FILM FABRICATION

Langmuir Blodgett Films are Highly
Ordered Films

* Langmuir-Blodgett films are monolayers or
multilayers transferred from the water-air
interface onto a solid substrate
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LB films Deposited as Substrate Passes
Air-water Interface
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« Hydrophobic substrates begin deposition on first downward
pass (Hydrophilic substrates start on first upward pass)

« Hydrophobic tail groups contact substrate and are deposited
« (With hydrophilic substrates, head groups are deposited
¢ Multilayers are built up “head-to-head and tail-to-tail”

Arachidic Acid Used as
Deposition Material

* Is an amphiphilic molecule
* Will form ideal LB films

Arachidic Acid
CH3'(CH2)18'COOH




Subphase pH and Cadmium
Concentration Control Rigidity of LB Film

* Higher pH and
concentration of
Cd*2ions in
subphase form
more rigid
monolayers
Less acidic pH
promotes
dissociation of
carboxylic

group Cadmium Arachidate

Substrates Treated to Form
Hydrophobic Surface

¢ Silicon wafers and PZT substrates treated with
Octadecyltrichlorosilane(OTS),

* Methyl terminated chain makes substrate
surface hydrophobic

* Hexadecyl Mercaptan, HS - (CH ,);5 - CHj,
reacts in a similar way with gold coated wafers




Chemical Functionality of 4 and 5
layer LB Films

* Four layer films have the methyl group
outward

— =-CH,

» Five layer films have carboxylic acid group
outward

Conditions Used for Biomimetic
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o
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organic layer
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Self-assembled monolayers (SAMs) of alkylsiloxanes were formed from hexyltrichlorosilane (HTS) and
octadecyltrichlorosilane (OTS) on surfaces of thin films of a complex oxide, lead zirconate titanate (PZT).
X-ray photoelectron spectroseopy (XPS) and contact angle measurements confirmed the formation of a
thin, uniform organic layer on the surface of the PZT, consistent with the hypothesis that a densely packed
organic monolayer is formed on the PZT. Angle-resolved high-resolution XPS suggested that the surface
of the PZT thin film includes a top layer deficient in titanivm and consisting mainly of oxides of lead and
zirconium, along with hydroxylated zirconium that may react with alkyltrichlorosilanes to form the SAMs,
The effect on these SAMs of exposure to acidic media was probed by wettability measurements, XPS, and
scanning electron microscopy (SEM). Contact angle measurements with water and hexadecane indicated
that the SAMs formed from the longer alkylsilane, OTS, were stable in HCI over long pericds of time (at
least 3 days), while the SAMs formed from the short-chain alkylsilane, HTS, degraded after 12 h. The
XPS spectra of SAMs formed from OTS and exposed to HC! solution were similar to those obtained for
similar SAMs not exposed to HCl. SEM also confirmed that the SAMs formed from OTS can act as

protective barriers for PZT against etching by HCL

Introduction

The search for new materials for applications in the
next generation of optics-based microelectronics has
resulted in the development of many oxide materials with
unique properties. Many complex oxides (e.g., dielectrics
such as PbTi0;, BaTiO;, and Pb(Zr,Ti)O; and electrodes
such as Ru0; and In,0; + Sn0., ITO) are receiving
increased attention due to their distinctive electrical,
magnetic, optical, thermal, and mechanical properties and
the potential for their integration into optoelectronic
devices, such as nonvolatile memories.’® We are inter-
ested in the fabrication by sol-gel routes of thin films of
various oxides including silica, titania, zirconia, and, in
particular, lead zirconate titanate (PZT). PZT ceramic
thin films have been under extensive scrutiny because of
their excellent optoelectronic,®® piezoelectric,® and fer-
roelectric* properties. They have been proposed for
applications in nondestructive memory readout,’’-? as
capacitors,!®! as optical wavepuides,’? and as ultrasonic

* Author to whom correspondence should be addressed.
Telephone: (505) 277- 4939. Fax: (505} 277-5433. E-msil:
gplopez@unm edu.

t University of New Mexico.

4 Sandiz National Laboratories.

® Absiract published in Advance ACS Abstracts, May 1, 1996.
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transducers and microactuators.’ These oxides, however,
are susceptible to chemical degradation during the
numerous processing steps comprising the fabrication of
dense, integrated, optoelectronic circuits; for example, PZT
is slowly etched in even slightly acidic solutions. In this
paper, we demonstrate that, by forming self-assembled
monolayers of alkylsiloxanes on their surfaces, it is possible
tomodify the surface chemistry of complex oxide materials
{namely, PZT). Consequently, alkylsilanes can be chosen
such that SAMs formed from them will modify the surface
of the PZT to contrel interfacial properties and hence
control adhesion, minimize contamination, or participate
in molecular recognition events. Furthermore, thin films
of PZT can be stabilized foward etching in acidic conditions
over a wide range of pH values.

Much of the interest in self-assembly of such molecules
as alkanethiols on the surface of coinage metals!®~2° and
semiconductors, 22 and alkylchloresilanes on oxidized
substratal®?-2 guch as silica and alumina is derived from
the recognition that these systems can be used not only
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to generate model surfaces for the study of a variety of
phenomena including wetting,®~% adhesion,** molec-
ular recognition,’” and interactions of biological systems
with synthetic materials®5%3 but also as barrier layers
and ultrathin resists, 20394 Self-assembled monclayers
(SAMs) formed from alkyltrichlorosilanes on silica have
been studied using numerous techniques including wet-
tability measurements,28% ellipsometry,®? X-ray reflec-
tivity,?24 X-ray photoelectron spectroscopy (XPS),2%4:45
and Fourier transforminfrared (FTIR) spectroscopy. 46-#
These studies have shown that SAMs formed from
alkyltrichlerosilanes (e.g., octadecylirichlorosilane, OTS}
on silica tend to be fully hydrolyzed, hydrophobic, well-
ordered assemblies in which the aliphatic chains tend to
be extended in an all-trans configuration.

In the present work, it was our hypothesis that stable,
uniform monolayers can be formed from alkylchlorosilanes
on the disordered surface of multicompenent oxide ma-
terials and that SAMs can be used to modify the surface
of these oxides to yield surfaces with low free energy and
to act as effective barriers against etching by commonly
used acids, such as HCI, that are known to dissolve these
oxides. We tested this hypothesis in several ways: we
formed monolayers on thin films of the oxide PZT by self-
assembly of short- and long-chain alkyltrichlorosilanes
and subjected them to strong solutions of HCI for various
periods of time. We then probed their wettability and
composition by contact angle measurements and XPS,
respectively. We also used scanning electron microscopy
(SEM) to illustrate the effect of exposure to HCI of the
PZT thin films and of PZT thin films upon which SAMs
of OTS have been formed.

Experimental Section

Hexyltrichlorosilane (Cl;Si(CH;)sCHa, HTS) and octadecyl-
trichiorosilane (CliSi(CHz)17CHa, OTS) were obtained from
United Chemical Technologies, Inc., Bristol, PA, and distilled
under vacuum. Dry hexadecane was obtained from Aldrich in
Aldrich SureSeal battles. All other solvents and chemicals used
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were of reagent grade. The thin films (~4000 A thick) of PZT
with a nominal composition of PbZro«TiasOs were formed by a
sol-gel spin-coating process as described elsewhere.#¥-5t The PZT
was coated on & Pt layer (~-3500 A thick) sputter-deposited on
8i0; (~3500 A thick, thermally grown on the 5i wafer) with
~500 A of Ti as an adhesion layer between Si0; and Pt. These
were fired at 650 °C for 30 min (ramp rate 50 °C/min) to obtain
the ferroelectric perovskite phase, 5% The PZT subsirates were
cleaned in an air plasma at 0.25 Torr, 35 W radio frequency
power for 2 min. For comparison, SAMs were also formed on
pilicon wafers with a 16 A thick native oxide layer (as determined
by ellipsometry). The silicon wafers were cleaned in a solution
of gulfuric acid and hydrogen peroxide in the ratio 7:23 (piranha
solution) and rinsed with copious amounts of deionized water.2®
Caution: piranha solution is a very strong oxident and should
be handled with care. We also used Si/Si0; substrates cleaned
in a radio frequency plasma using the same procedure as for
PZT. Both the Si/Si0z and PZT substrates were stored in
deionized water immediately after cleaning until used in the
silanation reactions (typically for less than 15 min).

All silanation reactions were carried out in glass vials cleaned
in piranha solution, tinsed copiously with deionized water, and
dried at 150 °C in an oven. The reactions were carried outin a
glovebox filled with dry nitrogen. Dry hexadecane was first
transferred from an Aldrich SureSeal bottle into the vial, and an
appropriate amount of distilled alkyltrichlorosilane (HTS or OTS}
was then added to the vial to make a 1 mM soiution of the silane.
The clean substrates {(Si/Si0; or PZT) were rinsed with deionized
water, dried in a stream of nitrogen or argon, and quickly
transferred to the glovebox. The substrates were placed in the
solutions of HTS or OTS for 12 h. At the end of this period, the
substrates were transferred to another vial containing dry
hexadeeane, removed from the glovebox, sonicated for 5 min to
remove excess silane, and rinsed thoroughly with carbon
tetrachloride and ethanol. To monitor the etching of PZT thin
films by HC, experiments were carried out by placing the plasma-
cleaned PZT samples and samples of PZT with the SAM overlayer
in a mildly stirred {~60 rpm) sclution of HCl. The samples were
removed sequentiatly from HC), rinsed with water, and dried in
a stream of Nz or Ar.

All contact angles of water and hexadecane on SAMs were
obtained using a VCA2000 contact angle gonicmeter within 15
min after removal from the silanation solutions.?® Atleast three
measurements of the advancing and receding contact angles were
obtained for each sample and averaged (standard deviation for
each reported value <£2°). All ellipsometric thickness mea-
surements were performed within § min of removal of the samples
from silanation solutions using a Gaertner L116C ellipsometer
equipped with a He-Ne laser (1 = 6328 A) light source. The
angle of incidence was 70° and the compensator was set at —45°,
A refractive index of 1.45 was assumed for the SAM overlayer.2®

X-ray photoelectron specira were obtained from the same
samples far which contact angles and ellipsometric thicknesses
were measured, using a Physical Electronies 5400 ESCA system
with a chamber base pressure of <1 x 10~% Torr. The spectra
were obtained within two days afterremoval of the samples from
the solutions of silanes. XPS data were acquired using mono-
chromatized Al Ko radiation at two takeoff angles, 24° and 68°.
The takeoff angles were measured from the plane of the surface
to the detector, so that at the smaller angle, XPS is more surface-
sensitive than at the larger one. The total power applied to the
Al Ko X-ray source was 400 W. Monitering of the C 1s peak
intensity relative to the PZT substrate peaks as a function of the
total X-ray irradiation time for a given area on the OTS-covered
samples indicated that measurable irradiation-induced desorp-
tion occurred for this aystem. In order to minimize this effect,
spectra of the OTS-covered substrates were acquired from a
“fresh” (i.e., not previously irradiated) area each time, and the
spectral acquisition times were kept to minimum amounts
consistent with required signal-to-noise (typically ~20 min). On
the basis of extrapolation from a series of repeated measurements

(49) Schwartz, R. W.; Bunker, B. C.; Dimos, D. B.; Assink, R, A.;
Tuttle, B. A.; Tallant, D. R.; Weinstock, 1. A. Int. Ferroelectrics 1992,
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ona single area of an OTS-covered PZT substrate, the attenuation
of the C 18 signal relative to the subatrate signals during a single
spectral acquisition was on the order of 10~15%. Surveyspectra
(1 scan for each sample, shown in Figure 2) were acquired using
a pass energy of 89.45 eV, constant analyzer energy resolution
AE =1.34eV,and a spotsize of 1 mm?, For the higher resolution
spectra (presented in Figures 3-6), the analyzer pass energy
was 35.75 eV with a resolution AE =0.54 V. Thehigh-resolution
spectra were normalized such that the highest peaks in all the
spectra presented in Figures 3—86 were of similar height. The
peaks were referenced to the C 1s peak at 284.6 eV for charge
correction. For quantitation of individual elements in the SAMs
and the substrate, we used the 8i 2p (for 8i/8i0, samples), Ti 2p,
Pb 4f, and Zr 3d (for PZT samples), along with the O 1leand C
is photoelectron peaks. The curve fits for the high-resolution
spectra in Figures 5 and 6 were generated by subtraction of a
Shirley background,** followed by nonlinear least-squares fitting
of a pair of Zr 3d doublets. Both doublets were constrained to
a 3dgm—3d:ss binding energy splitting of 2.4 eV, with relative
3d3,:3dse intensities of 2:3.52

SEM was carried out in the secondary electron detection mode
of a Hitachi S800 scanning electron microscope (10 keV primary
electron beam, chamber pressure ~10-7 Torr).

Results and Discussion

We determined the thickness of SAMs formed on Si/
8i0; substrates by ellipsometry. The thicknesses of the
SAMs of HTS and OTS on Si/Si0; were 10+ 2 and 26 £
1A, respectively,™ consistent with the thickness expected
for a densely packed monolayer with alkyl chains oriented
perpendicular to the substrate in an all-trans configu-
ration.?® Ellipsometric measurements are reported only
for the Si/Si0, samples, sinee, for PZT samples, the error
in measured thickness of the SAM was on the order of the
thickness of the SAM itself (30 A) due to the roughness
of the PZT surface.” However, in light of the XPS data
presented below, we infer that the thicknesses of SAMs
formed from HTS and OTS on the surface of PZT were
approximately equal to the thickness of similar 5AMs
formed on Si/Si0s,.

We investigated the stability of SAMs formed from HTS
(a short-chain alkylsilane) and OTS (a long-chain alkyl-
silane) on SV/Si0; and PZT by measurement of wettability,
X-ray photoelectron spectroscopy (XPS), and scanning
electron microscopy (SEM). Figure 1A presentstheresults
of wattability measurements conducted on SAMs formed
from HTS and OTS on PZT and placed in solutions of HC!
with pH ranging from 1 to 7 for 2 h. The advancing and
receding contact angles of water for SAMs formed from
HTS on both PZT and 8i/Si0. substrates were 107° and
95°, respectively; for SAMs formed from OTS, these values
were 113° and 102°, respectively (the contaci angles
reported here are averages of at least three different
measurements; the standard deviation in all cases was

(52) Briggs, D.; Sezh, M. P. Practical Surface Analysis; John Wiley
and Sons: Chichester and New York, 1983.

(53) Wagner, C. D.; Riggs, W. M; Davig, L. E; Moulder, J. F;
Muilenberg, G. E. Handbook of X-ray Photoelectron Spectroseopy; Perkin-
Elmer Corp.. Eden Prairie, MN, 1979.

(54) The ellipsemetric thicknesses and contact angles of water and
hexadecane for SAMe formed from H'TS and OTS on Si/Si0; substrates
cleaned by the two methods—piranha-cleaned or plasma-cleaned—were
similar to each other as well as to published values.?

(55) The roughness of the PZT thin film was examined by atomic
force microscopy of a plasma-cleaned PZT sample using a Digital
Instruments Nanoscope 1 in contact mode. The average peak-to-valley
height was ~208 A with an average distance between peaks of about
0.5 wm. The roughness and partial transparency of the PZT thin film
(thickness 0.4 um)introduced substantial ambiguities in the estimation
of its optical constants (index of refraction and extinction coefficient).
Under these conditions, it was not possible to employ ellipsometry to
measure the thickness of 8 SAM of OTS (expected thickness ~26
when in extended all-trans configuration). For a detailed discussion of
the principles and limitations of ellipsometric measurement of thin
films, please see: Azzam, H. M. A.; Bashara, N. M. Ellipsometry and
Polarized Light; North-Holland: Amsterdam, 1977.
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Figure 1. Advancing and receding contact angles of water
and hexadecane for SAMs formed on PZT from 1 mM solutions
of hexyltrichlorosilane (HTS, open symbols) and octadecyl-
trichlorosilane (OTS, filled symbols) at 25 °C: {4) SAMs formed
from HTS and OTS on PZT were placed in solutions of HCl in
which the pH varied from 1 to 7 at room temperature (25 °C}
for 2 h. The data shown are the advancing (&, 0) and receding
(®, O) contact angles of water and the advancing contact angles
of hexadecane (4, A} measured after exposure to solutions of
various pH. (B) SAMs formed on PZT from HTS and OTS were
placed in a selution of 0.1N HCI (pH ], unbuffered), and the
change in contact angles of water and hexadecane over time
was monitored. Each data point represents an average of at
least three measurements {at different locations on the sample).
In each case, the standard deviation of the measurements was
less than 2°. The dashed lines are drawn only as a guide to the
eye.

less than 2°). The advancing contact angles ofhexadecane
were 36° and 43° for SAMs formed from HTS and OTS,
respectively, on both PZT and Si/Si0, substrates. The
receding contact angles for hexadecane were about 20° or
less for SAMs formed from both HTS and OTS {not shown
in Figure 1). The experiments conducted with SAMs
formed from HTS and OTS on Si/Si0; substrates were
compared with the available published experimental
data?® the contact angles of water and hexadecane for
these substrates were similar to those obtained for SAMs
on PZT and also agree with values reported in the
literature for SAMs formed on 8i/5i0; substrates.?® There
is, thus, no difference between the macroscopic wetting
properties of the SAMs of the same alkyltrichlorosilane
with respect to the substrates on which they are formed
(i.e., SiOs vs PZT). In both cases, wettability measure-
ments suggested that surfaces with very low free energy
are formed.

Figure 1B shows the contact angles of water and
hexadecane after long-term exposure of SAMs formed on
PZT to solutions of 0.1 N HCI (pH 1). The SAM formed
from OTS was stable in HC] even after 48 h, as shown by
the constancy of the contact angles of water and hexa-
decane. On the other hand, exposure to HCl solution (pH
1) of SAMs formed from the short-chain alkylsilane (HTS)
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Figure 2. Survey X-ray photoelectron spectra obtained at a takeoff angle of 68° of (A) the bare, air plasma-cleaned PZT sample;
(B) the SAM formed on PZT from a 1 mM solution of OTS at 25 °C in a nitrogen atmosphere; and (C) the SAM formed on PZT

in the same way as in part B and exposed to a solution of 0.1 N HC1 {pH 1) for 12 h. Representative peaks of Pb, Zr, Ti, O, and

C are indicated,

rendered them progressively less hydrophobic, presumably
because of disruption of the SAM due to etching (see below).
After 48 h of exposure to HCI, the advancing and receding
contact angles of water were 41° and 22°, respectively,
similar to thase obtained for an uncleaned surface of the
PZT film that has not been treated with the silane. Control
experiments performed with SifSi0; substrates did not
exhibit this behavior: the SAMs formed from HTS and
OTS on Si/SiQ, were stable after 48 h of exposure to HCL,
in agreement with Wasserman et al.?® The cause of the
degradation of the SAM formed from HTS on PIZT is
probably the etching of the underlying PZT by HCI; the
short-chain SAM is known to be much more disordered
than its long-chain counterpart®® (as suggested by the
contact angle data) and may allow penetration by HCl
such that it is undermined by progressive etching of the
PZT. (This is not seen in the case of Si/Si0; substrates
because HCI does not etch 8i0;.) The long-chain SAM
formed from OTS is more hydrephobic and is likely to be
more ordered?”?® and thus may act as a barrier against
etching of PZT by HCL

We probed the structure and stability of SAMs on PZT
by XPS. The survey spectra obtained at a takeoff angle
of 68° for bare{control) PZT samples and for SAMs formed
from OTS on PZT before and after exposure to HCl (pH
1, 12 h) are presented in Figure 2. The survey spectrum
of the bare PZT sample (denoted A in Figure 2) exhibits
dominant peaks of Pb, Zr, Ti, and O, along with a C 1s
peak due to surface contamination by hydrocarbon species.
A very weak Si 2p peak is also detected in spectrum A at
~103 eV binding energy, which we attribute to 5i0
particulate surface contamination resulting from cleaving
and handling of the substrate in atmosphere prior to
mounting in the XPS apparatus. The survey spectrum of
a SAM formed from OTS on PZT is presented as B in
Figure 2. The relative intensity of the C 1s photoelectron
peak is considerably higher in spectrum B {compared to
A). In addition, angle-resolved spectra (at takeoff angles
of 24° and 45°, not shown) reveal that the earbon
represented by the C 1s peak is surface-bound. The SiZp
peak also increased slightly in intensity in spectrum B,
presumably due to the contribution of terminally bound
Si atoms in the OTS. The XPS data are, thus, consistent
with the hypothesis that a monolayer of hydrocarbon is

formed on the surface of PZT. 45 The third spectrum
(C) in Figure 2 is that of the SAM formed from OTS after
exposure to HC1 (pH 1) for 12 h. There is no significant
difference between the survey spectra B and C shown in
Figure 2 and also between the intensity of the C 1s peak
in both cases relative to the intensity of the respective Pb
4f peaks. The XPS spectratogether with the contact angle
data suggest that the SAM formed from OTS on PZT is
stable after 12 h in HCL

The XP8 survey spectra of all the PZT samples revealed
a surface region slightly rich in Zr. The neminal com-
position of the sol used to prepare the PZT thin films was
PhZro TiocO;. However,the surfacelayer probedin these
experiments was estimated to contain slightly more Zr
than Pb {atomic ratic of Zr/Pb = 1.1} and almost no Ti
(<5%), using the measured peak intensities at 68° and
the sensitivity factors® provided for this instrument by
the manufacturer. Quantitative analysesrelyingonsuch
XPS sensitivity factors often have poor absolute accuracy
due to variations caused by sample morphology, compo-
sitional heterogeneity, and other factors, However, the
changes in relative intensity of the various elemental
peaks as a function of photoelectron takeoff angle can be
used to reliably infer gualitative changes in composition
as a funetion of depth. At higher takeoff angles, the
relative content of Pb and Ti increased, while that of Zr
decreased. This suggests that while the bulk composition
of the film may be close ta its nominal composition (PbZro .-
TipsOa), the surface region is depieted in Ti and enriched
inZr. Previous studies of PZT films using XPS and Auger
electron spectroscopy {AES) have also indicated a thin
surface layer richer in Pb and Zr than the nominal
composition might suggest.5"5

Angle-resolved high-resolution O 1s spectra at takeoff
angles of 24° and 68° for a bare PZT sample are presented
in Figure 3. These spectra reveal two different chemical

{56) SAMSs formed from OTS on 5U/5i0; were also probed by XPS,
The relative amount of carbon due to surface contamination and that
due to the formation of a SAM overlayer were similar for both Si0, and
PZT sampies. Also, the spectra gbtained for the SAM on the Si0ssample
were similar to those in earlier reports.®

(57) Qian, Z.; Xino, D,; Zhu, J,; Li, Z.; Zuo, C. J. Appl. Phys. 1993,
74, 224-227.

(58) Lau, W. M_; Bello, L; Sayer, M.; Zou, L. Appl. Phys. Lett. 1984,
64, 300302,
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Figure 3. Angle-resolved high-resoiution XPS O 1s spectra
for a bare, air plasma-cleaned PZT thin film sample at takeoff
angles of 24° and 68°, The spectrum cbtained at a takeoff angle
of 24° has been magnified threefold to enable easy comparison
of the two O 1s peaks (Note that no comparison of peak
intensities between the two spectra is attempted). There are
two oxygen species with BE’s of approximately 529 and 531 eV
assigned to an oxide and hydroxide, respectively. The increase
in intensity of the O 15 peak at 531 eV as the takeoff angle is
lowered suggests that the hydroxide species is surface-bound.

states for oxygen in the bare PZT. The photoelectron peak
at thelower binding energy {BE ~ 529 eV) can be assigned
to an oxide (presumably PZT), and the other {at 2 BE of
531 eV) to a hydroxzide species.®*® Zomorrodian and co-
workers™ have assigned an O 1s feature at 531.1 eV in
their XPS spectra of laser-ablated PZT films to surface-
segregated PbO. However, for our materials the assign-
ment of a hydroxide species near this binding energy is
more appropriate. Our angle-resolved XPS data indicate
a surface enrichment of Zr, and the Zr 3d spectra discussed
below show an additional binding energy state (assigned
to Zr—OH) whose intensity dependence on angle {(surface
vs bulk contribution) correlates closely with the intensity
variation of the assigned hydroxide feature. In addition,
related experiments have shown correlationsbetween the
intensity of the ~531 eV O 1s feature and exposure of PZT
films to H,O vapor.®® The O 1s peak assigned to the
hydroxide species increases in intensity relative to the
peak assigned to the oxide as the takeoff angle is lowered
(68° to 24°), indicating that the hydroxide species are
present at the surface of the PZT.53 Figure 4 presents the
high-resolution O 1s spectra for samples of PZT thin films
with an overlayer of a SAM formed from OTS at takeoff
angles of 24° and 68°. The peak at higher BE due to the
hydroxide species shows enhanced intensity relative to
the peak at the lower BE at a takeoff angle of 24° as
compared to a takeoff angle of 68°, This effect is more

(59) Sarma, D). I} ; Rao, C. N. R. J. Electron Spectrosc. Relat, Phenom.
1980, 20, 25—45.

(800 Barr, T, L. J. Phys. Chem_ 1978, 82, 1801-1810.

(61) Au, C. T.; Roberts, M. W. Chem. Phys. Lett. 1980, 74, 472—474.

5(62) Carley, A. F.; Rassias, S.; Roberts, M. W. Surf. Sci. 1983, 135,

3s.
(63) Zavadil, K. R. Unpublished results, 1994. High resclution O 18
epectre were obtained for (i) bare, clean PZT samples, (ii) PZT samples
after sputtering for 15 min with 1 keV Art at ~1 zA/cm?, and (iif) the
sputtered samples afier exposure for 10 min to ~20 Terr of H:0.
Sputtering produces a near-complete loss of the high-BE state of oxygen,
Re-exposure ta H,0 produces & partially-resolved O 1s state shifted by
~2 eV (i.e. at ~531 V). The same result wes obtained even when
sputtering with lower energy (400 eV}ions was performed. Furthermore,
angle-resolved epectrs of the O 15 peak at takeoff angles of 15, 20, 30,
40, and 90° demonstrate a peak at ~531 eV with progressively smalier
relative intensity. It is, thus, clear that the hydroxide species is present
in a very thin surface layer.

(64) Zamorrodian, A.; Mesarwi, A.; Wu, N. J.; Ignatiev, A. Appl. Surf.
Sei. 1994, 90, 343—348,
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Figure 4. Angle-resolved high-resolution XPS O 1s spectra at
takeoff angles of 24° and 68° for a sample of PZT with an
overlayer of SAM formed from OTS. The O 1s spectrum obtained
at a takeoff angle of 24° has been magnified threefold to enable
easy comparison of its two peaks, There are two oxygen species
with BE's of approximately 529 and 531 eV, assigned to the
oxide and hydroxide, respectively.

pronounced for the PZT sample with the SAM overlayer
than for the bare PZT sample (Figure 3). This is due to
the presence of the SAM overlayer (~26 A thick); in this
case, the depth to which the PZT is probed by XPS is less
than the depth for the case of the bare PZT sample, Itis
important to note that only the ratio of intensities of the
two BE states of the O 15 peak is being compared in Figures
3 and 4; the absolute intensities of the O 1s peaksin Figure
4 are substantially attenuated with respect to those in
Figure 3 (compare also the survey spectra shown in Figure
2). The presence of the hydroxide peak (higher BE)in the
high-resolution O 1s spectra of PZT samples with a SAM
overlayer, thus, suggests that a hydroxide-rich, near-
surface PZT layer exists under the SAM (i.e., even after
reaction with OTS). The hydroxide peak is likely due to
unreacted hydroxide groups on the PZT (see below) and/
or uncondensed silanol oxygens introduced by exposure
ofthe surface to OTS. The hydroxide peakis also observed
in the high-resolution spectra of the O 1s peak obtained
for PZT samples with the SAM overlayer that were exposed
to HCI solution (pH 1) for 12 h {spectra not shown).
High-resolution spectra of the dominant peaks of all
the metals (namely, the spin—orbit doublets of Pb 4f, Zr
3d, and Ti 2p) were also examined. Both Pband Tishowed
only one chemical state at all takeoff angles used (ie.,
only one spin—orbit doublet each, Pb 4f;, = 138.0eV, Pb
4fym = 143.0 eV, Ti 2pae = 458.0, and Ti 2p,, = 463.6 V),
which we assign to their respective oxides in PZT (spectra
not shown), 5385 The angle-resolved high-resolution Zr 3d
spectra are presented for bare PZT in Figure 5 (at takeoff
angles of 24° and 68°, spectra A and B, respectively) and
for PZT with a SAM overlayerin Figure 6 (at takecffangles
of 24° and 68°, spectra A and B, respectively). We found
that the spin—orbit split Zr 3d peak exhibits twe binding
states—ane at Zr 3ds» = 180.3 and Zr 3d;, = 182.7 eVand
the other at Zr 3ds, = 181.4 and Zr 3d;» = 183.8 eV.
We assign the lower BE doublet of the Zr 3d peak to Zr
atoms present in the form of an oxide in PZT. This follows
from findings in XPS studies by Murata et al. of several
perovskite oxides, including PbTi0;.57 Thesestudies have

{65) Barr, T. L.; Seal, 5.; Chen, L. M.; Kao, C. C. Thin Solid Films
1994, 253, 277-284.

(66) Chastain, J., Ed. Hendbook of X-Ray Photoelectron Spectroscopy;
Perkin-Elmer Corp.; Eden-Prairie, MN, 1992.

(67) Murata, M.; Wakino, K.; Tkeda, S. J. Electron Spectrosc. Relat.
Phenom. 1875, 6, 459—464.
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Figure 5. Angle-resolved high-resolution XPS Zr 3d spectra
for a bere, air plasma-cieaned thin fiim of PZT. The twe spin—
orbit split components of the Zr 3d spectrum (nominal split =
2.4 eV at each of two takeoff angles (24° and 68°, denoted by
spectra A and B) are shown. The peaks were rescived using
nonlinear least-squares curve fits for the two binding states of
Zr.

shown that the BE of the Ti 2p photoelectrons in the
perovskite PbTiO; is shifted toward lower BE by up to
abottt 1 eV relative to that of TiO; (rutile). We find a
similar downward shift (of ~2 €V) in BE of the Zr 3d
doublet in the PZT as compared to the reported BE of the
Zr 3d doublet in Zrconia (Zr(Q;).% The second Zr 3d doublet
(BE = 181.4 and 183.8 eV} is shifted from the lower BE
doublet by about +1 eV. This shift is consistent with a
hydroxylated metal species,5? probably of the form
PbZrQ(OH);-, (see below)., This species is also observed
in high-resolution spectra of the Zr 3d peak in PZT samples
with a2 OTS SAM that were exposed to HCI selution (pH
1} for 12 h {spectra not shown).

The angle-resolved spectra of the Zr 3d peak and the
fitted curves shown in Figures 5§ and 6 indicate that the
Zr species at the higher BE (assigned as the hydroxylated
Zr species) are present nearer the surface of the PZT thin
film relative to the Zr species at the lower BE (the relative
intensity of the higher BE peak is greater at a takeoff
angle of 24° than at one of 68°). Because this Zr species
and the hydroxide species (see O 1s spectra in Figure 3)
track each other in relative abundance with respect to the
takeoff angle (i.e., at the takeoff angle of 24° the ratio of
the intensity of the higher BE peak to that of the lower
BE peak of Zr is higher than the same ratio at 68°; and
similarly the ratio of the higher BE peak to the lower BE
peak of O is greater at 24° than at 68°), it is likely that
they exist in the form of a hydroxyl-bearing Zr species at
the surface of the PZT. Some of the hydroxyl groups in
these species may be exposed at the surface of the PZT
thin film. These observations point to the following
proposed structure for the surface of the PZT thin film
with a SAM overlayer. The OTS molecules react with
trace water in the silanation solutions or on the surface
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Figure 6. Angle-resolved high-resolution XPS Zr 3d spectra

for a sample of PZT thin film with an overlayer of SAM formed

from OTS. The two spin—orbit split components of the Zr 3d

peak at each of two takeoff angles (24° and 68°, denoted by

spectra A and B) are shown. The peaks were resolved using

gonli.near least-squares curve fits for the two binding states of
r.

of the PZT thin films and, perhaps, with some of the
surface-hound hydroxyls to form 2 monolayer. Under-
neath the SAM is a very thin layer (a few tens of angstroms)
composed of PbZr0O,(OH);—, and PZT. Asthedepthofthe
PZT thin film probed by XPS increases, the hydroxide
component decreases, the Ti content increases, and the
composition of the PZT film more closely approaches its
nominal composition of PbZry 4Tiys03.

Finally, we employed SEM to monitor the etching of
PZT by BHCl. Figure 7 presents a series of cross-sectional
scanning electron micrographs of the PZT thin film (with
and without the SAM overlayer) that has been exposed
to a solution of HCl {(pH 1) for varying periods of time.
Figure TA shows the PZT thin film (thickness ~4000 A
with the underlying platinum—titanium electrode (thick-
ness ~4000 A) on a silicon wafer, Pprior to exposure to the
HCI golution. Figure 7B shows the PZT thin film after
exposure to HCI for 24 h; during this interval about 1200
+ 100 A of PZT can be etched (estimated from three
separate experiments). InFigure 7C, it is seen that about
2800 + 200 A of PZT has been etched away after 48 h.
Figure 7D shows that the PZT thin film with an overlayer
of SAM formed from OTS is ~4000 A thick after exposure
to HCI for 48 h. Thus, SAMs formed from OTS are able
to act as protective barriers against corrosion by HCL

Conclusions

Data ohtained by wettability measurements and XPS
suggest that we have formed uniformn SAMs of alkyl-
trichlorosilanes on the surface of PZT, a complex oxide.
The data indicate that the SAMs on PZT are similar to
SAMs formed on 8i0.. Angle-resolved high-resolution
XPS spectra of the O 1s peak and the dominant peaks of
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Figure 7. Monitoring of the etching of PZT by 1 N solution of
HCl by cross-sectional SEM: (A) SEM micrograph of the PZT
thin film (~4000 A thick) on the Si/Si0./Ti/Pt substrate. The
Pt—Ti layer is ~4000 A thick. (B) SEM micrograph of the PZT
film after exposure to HCI for 24 h at 25 °C. (C) PZT thin film
after exposure to HCl for 48 h at 25 °C. (D) PZT thin film upon
which a SAM has been formed from 1 mM OTS solution under
nitrogen at 25 °C after exposure to 0.1 N HC1 (pH 1) for 48 h
at 25 °C, The scale bar shows 0.75 um.

the metals suggest that the surface of the PZT thin film

A-8

is deficient in Tt and that, in & thin layer at the surface,
Zr is associated with hydroxyls. It is possible that such
preferential enrichment of one phase (e.z., PbZr0s) of a
multicomponent solid solution (e.g., PbZr,Ti;—.0,) at the
surface occurs in other complex oxide materials as well.
We believe that it may be possible to form SAMs of
alkyltrichlorosilanes on the surface of other complex oxide
materials. The data from the analytical techniques used
to probe the structure of the monolayers formed on PZT
(contact angle, XPS) do not preclude the presence of
intercalated hexadecane (the solvent used to dissolve the
alkylsilanes used) in the organic monolayers formed. The
tendency for noncovalent inclusion of hexadecane into
SAMSs formed from OTS on silica has been studied by
Kallury ef al.%® Although our protocol for the formation
of the SAMs was designed to promote the removal of
physically adsorbed constituents {sonication, extensive
washing in carbon tetrachloride and ethanal), we cannot
rule out the presence of hexadecane in our monolayers.

We probed the stability of the SAMs in strongly acidic
media by wettability measurements, XPS, and SEM,
Wettability and XPS data suggest that SAMs formed from
the short-chain hexyltrichlorosilane (HTS) are stable for
short periods of time (up to 12h) when placed in a solution
of HCl. They then degrade probably due to the etching
of the underlying PZT by HCl at defect sites. Wettability
measurements appear to be the easiest and most sensitive
method of determining the stability of SAMs, in agreement
with previous reports.#-2® The SAMs formed from the
long-chain octadecyltrichloresilane (OTS) are stable in
HCl for long periods of time (over 3 days). By use of SEM,
we have demonstrated that SAMs formed from OTS are
able to protect PZT from etching by HCI.

Ferroelectric oxide materials such as PZT have been
proposed for numercus device applications. In these
endeavors, it is necessary for the thin films of these oxides
to be stable in various chemical environments. It is also
impeortant that modification of the surface of the thin films
be amenable to micropatterning. Furthermore, the modi-
fied surfaces may be called upon to participate in further
processing steps, e.g., as templates for the deposition of
layers of other metal or oxide conductors or photocon-
ductors. Studies are currently underway to establish
whether SAMs of organosilanes are useful in such efforts.
Organosilane SAMs provide flexibility with respect to
control of surface properties through use of different
terminal functional groups of the alkylsilane, by formation
of mixed monolayers, and by micropatterning SAMs of
alkylsilanes with different terminal functionality on the
same surface,
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APPENDIX B

Template-Assisted Electrochemical Deposition of
Ultrathin Films of Cadmium Sulfide
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Abstract

Uniform thin films of cadmium sulfide were prepared by template-assisted
electrochemical deposition on gold electrodes covered with Langmuir-Blodgett (LB) films.
An electrolytic cell was used for the production of low concentrations of S to effect
heterogeneous crystallization on LB films, while preventing homogeneous precipitation.
3,4 and 5 layer LB films of cadmium arachidate were investigated. Charcterization of
deposited films by optical microscopy, atomic force microscopy and energy dispersive X-
ray analysis of film composition indicated that a variety of different types of CdS films can
be produced depending on the type of LB film used, the electrode at which template-
assisted deposition is carried out, the magnitude and frequency of alternating potentials
used, and the deposition time used. In general, hydrophilic organic films that present
cadmium carboxylate groups to the deposition surface (i.e., 3and 5 layer LB films)
supported crystallization of CdS, while those that present hydrophobic, methyl groups (i.e.,
4 layer LB films and self-assembled monolayers of alkanethiolates on gold) did not. The
best methods for the rapid deposition of conformal, ultrathin films (< 100 nm) of CdS used
highly-ordered 5 layer LB films at grounded electrodes. The data presented suggest that
templating with LB films, when used together with electrochemical deposition, has
potential for the convenient production of oriented crystalline thin films of cadmium
sulfide and similar materials.

1. Introduction

Thin, conformal, crystalline films of cadmium sulfide (CdS), all-1V semiconductor
compound, are of interest as functional components in a variety of opto-electronic devices
such as solid state lasers and detectors,[1] solar cells,[2,3,4] and optical memories.[2]
Methods for generating these films have included chemical vapor deposition,[5] plasma
sputtering,[6] electrodeposition,[7] and precipitation.[2,3,4] Techniques for preparing films
based on heterogeneous crystallization from liquid solutions have several potential
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advantages over vapor phase deposition techniques including the ability to form crystalline
films at low temperature over large area substrates. The ability of organic functional
groups to facilitate and mediate heterogeneous nucleation from aqueous solutions at solid
substrate [8,9] also has the potential to enhance uniform nucleation (crystallite type,
orientation and distribution) of CdS and thus lead to superior performance of thin filmsin
device applications. For example, Langmuir-Blodgett (LB) films have been investigated
extensively for the controlled nucleation of CdS and have been demonstrated to be useful
for the formation of nanoparticles of CdS. One particularly effective methodology for the
formation of planar arrays of Q-state particles of CdS has been the exposure of LB films
comprised of cadmium arachidate layers to gaseous H2S.[10,11,12]

We have examined several methods for template-directed heterogeneous
crystallization of CdS and present here areport of preliminary work on a new technique
that has produced uniform thin films of CdS through relatively short deposition times. The
technique is an extension of that described by Fatas et al. [7] for the in situ generation of
low concentrations of Cd2* and S2- by alternating current electrolysis and the subsequent
formation of thin CdS films from these precursors. We have examined the effectiveness of
several schemes for improving the quality of thin films produced by this technigque by the
use of template-directed nucleation at the surface of various types of LB films. LB films
were prepared by several methods by dipping of gold-coated silicon wafers that had been
rendered hydrophobic by the formation of self-assembled monolayers (SAMS) by reaction
of the gold surface with HS(CH2)15CH3.[13,14] The primary characterization techniques
we have employed thus far in our studies (atomic force microscopy, optical microscopy
and energy dispersive X-ray analysis of film composition) suggest that when combined
with in situ electrochemical generation of ionic precursors for CdS, organic template-
assisted heterogeneous precipitation of CdS at electrode surfaces is a simple, quick method
of generating thin films of CdS in which deposition is restricted primarily to areas of the
electrode surface modified with organic template moieties.

2. Experimental

2.1. Materials

Chemicals used were arachidic acid (Aldrich Chemical Co., Milwaukee WI1),
hexadecyl mercaptan (Sigma, St. Louis MO), cadmium chloride (Aldrich), sodium
bicarbonate (Fisher, Pittsburgh PA), sodium chloride (J.T. Baker, Phillipsburg NJ), sodium
thiosulfate 5-hydrate (J.T. Baker), ammonium sulfate (J.T. Baker), and cadmium sulfate
(J.T. Baker). All chemicals were used as received. Silicon wafers (100) (MEMC Electronic
Materias Inc., Malaysia) were used as substrates for the gold films. Gold films (600 to
1000 A) were deposited by thermal evaporation of gold (99.999%, Academy Precision
Materias, Albuguerque NM) under vacuum onto silicon wafers that had previously been
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coated with an adhesion promoter (50 A of chromium). Samples for usein LB film
deposition were treated with dilute ethanolic solutions (1 mM) of hexadecyl mercaptan to
form a hydrophobic self-assembled monolayer. A platinum film (~1000 A) on asilicon
wafer was used as a counter electrode in electrochemical generation of CdS precursors.

2.2. Langmuir-Blodgett Films

The Langmuir-Blodgett films of cadmium arachidate were deposited from a Nima
2011 Langmuir trough. For the 3-layer and 4-layer LB films, the subphase was prepared by
adding cadmium chloride to deionized water (18.2 MW/ cm) such that the final
concentration of cadmiumwas 1" 10-4M. The pH of the subphase thus prepared was 5.5
and was not further adjusted. To obtain more uniform templating surfaces (see Results and
Discussion), 5-layer LB films were also investigated. For 5 layer LB films, the subphase
cadmium concentration was 2.5 10-4M and the pH of the subphase was adjusted to 6.5-7.0
by addition of 0.1M NaHCO; solution. For all depositions, the barrier speed was set to 50
cmz/min for compression and the deposition pressure was 30mN/m. The upward and
downward dipping speeds of the hydrophobic substrate were 1.6mm/min.

LB films comprised of 3, 4 and 5 layers of Cd-arachidate were investigated. The 4-
layer LB film had a hydrophobic outer surface and was transferred from the LB trough to
the deposition solution directly. The 3 and 5 layer LB films had hydrophilic surfaces and
thus were not stable when exposed to air.[13] We therefore transferred the substrate under
water (in asmall beaker) from the LB trough to the deposition solution.

2.3. Deposition of Cadmium Sulfide

CdS deposition solutions were made according to the method of Fatas, et al.
Solutions A and B were mixed in a 1:3 ratio by volume.[7] Solution A consisted of 0.01 M
CdSO4 and 0.17 M (NH4)2SO4 in deionized water and solution B consisted of 0.35 M
NapSp03 and 0.75M NaCl in deionized water. Each solution was stirred for approximately
5-10 minutes until the solids were completely dissolved. CdS deposition solutions were
prepared by combining the two solutions A and B and stirring for at least 10 minutes.
When solution B was mixed with solution A, the S,032" ions produced S by the

disproportionation reaction:[7]
$0:2 U S+ S03%

During the film deposition under reducing potentials, S was reduced to S2- by the following
reaction:

S+2e® S



A potentiostat (EG& G, Princeton Applied Research Model 173) was used to produce
alternating positive and negative square wave potentials on either the electrode coated with
the LB film or on the uncoated electrode relative to a ground electrode. The reference
el ectrode was combined with the counter electrode from the potentiostat to form the
“charged” electrode which was subjected to the voltage cycles relative to the working
(“ground”) electrode. For all depositions, the same solution concentrations were used (as
described above) and the duration in the voltage cycle of the positive voltage was 2 s, while
that of the negative voltage was 1 s. Several potentials (positive and negative) and
deposition times were examined. The optimized deposition conditions are reported herein.
For the depositions onto 3- and 4-layer LB films, the ground electrode was a bare
platinum film, while the charged electrode was the gold film covered with the SAM and the
LB film. In these depositions reduction of Sto S?- thus occurred at the gold electrode
(presumably at defect sitesin the SAM covering the electrode). For the deposition onto the
5 layer LB film, the electrodes were reversed and the bare Pt film was used as the charged
electrode and the gold film coated with the LB film was the ground electrode. In this case,
the reduction of sulfur occurred at the bare platinum electrode and thus may have resulted
in an increased concentration of S2- relative to the depositions on 3 and 4 layer LB films.

2.4. Analysis of CdSFilms

The CdS films were examined with an atomic force microscope from Digital
Instruments Inc. (model: Nanoscope I1). Direct contact imaging was done both in height
mode and in force mode, and both types of images are presented herein. In general, height
mode images reveal information on the vertical topography of the surface of the films and
was used herein to estimate the thickness of conformal films, while force mode provides
sharper images of features on the surface of the films and was used in high resolution
imaging.[15] For imaging at low magnifications, the scanning speed was 2.48 Hz. No data
filtering was used during scanning. The integral, proportional, and 2D gains were tuned to
the highest possible values for the height mode, but the lowest possible values for the force
mode.[15]

At high magnification, the AFM was used to image the crystalline lattice of the
deposited CdS. For these experiments, the AFM was calibrated versus a standard mica
sheet. To minimize thermal and mechanical drifts of the microscope, the scanning was
performed for at least two hours before taking the image and scanning was conducted at a
high speed (39.06 Hz) and on arelatively large area (32x32 nm2). The force mode was used
and during data collection the input, high pass, and low pass filters were off. To obtain the
high resolution image of the crystalline lattice of CdS (Figure 4B), the raw data (Figure 4A)
was subjected to a 2D Fourier transform and principal wave numbers thus obtained were
selected and used to perform an inverse 2D Fourier transform to result in the filtered image
of the crystalline lattice.



The CdS films were also examined by optical video microscopy using a Nikon
Optiphot 66 and image analysis system. Films were characterized using energy dispersive
X-ray analysis (EDAX) using an AMRAY 1500 scanning €l ectron microscope.

3. Results and Discussion

We examined a variety of deposition conditions and configurations and present
below a synopsis of the results from four different types of deposition experiments that
demonstrate the utility of organic templates in influencing CdS film formation during
electrodeposition. Table 1 lists the experimental codes and conditions for the four different
types of depositions we will discuss below. Deposition conditions varied in the nature of the
deposition surface examined, in deposition time, and in the magnitude of the alternating
voltage used. For each deposition surface (e.g., organic template vs. noninteracting
functional group), the deposition conditions for the experiments presented were those found
by trial and error optimization to give rise to rapid deposition (when deposition occurred at
all) of CdSfilms. Figure 1 shows schematic diagrams of the electrodeposition cells used in
the various deposition experiments.

Table 1. Summary of the experimental conditions for the four types of electrochemical

depositions.

Experimental Codes BARE-Au 3-LB 4-L.B 5-LB
Deposition Cd-carboxylate | Methyl Cd-carboxylate
Surface Plain Au (3 layer LB film)| (4 layer LB film)| (5 layer LB film)
Deposition Time 1 minute 1 minute 5 minutes 5 minutes
Voltage Cycles 1v,2s/-1V,1s |1V ,2s/-1V,1s |1.75V,2s/ 2V,2s/-2V,1s
-1.75V,1s
Electrode used for | Charged Charged Charged Ground
CdS Deposition
Reducing Electrode
for S Plain Au Au with SAM Au with SAM Plain Pt
Layered single Homogeneous
Results Loose particles| crystalliteswith | No deposition on| conformal thin
crystalline LB film film
surfaces
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Figurel: Schematic diagram of the electrochemical deposition cellsinvestigated. In all
depositions, the left electrode (referred to as the charged electrode) was subjected to an
alternating (square wave) potential cycle relative to the ground electrode (right) to effect
the deposition (see Table 1 for voltage magnitudes and durations and the total deposition
times). A. Deposition cell used for the BARE-AU, 3-LB, and 4-LB experiments. For the
BARE-AU experiment, no SAM or LB film was present on the |eft electrode. For the 3
LB experiments, a 3 layer LB film, terminated with cadmium carboxylate groups, was
deposited on a portion of the left gold electrode, whose entire surface had been subjected
to modification by formation of a SAM of hexadecane thiolate. For the 4-LB
experiments, a4 layer LB film, terminated with methyl groups, was deposited on the
SAM-modified gold electrode. B. Deposition cell used for the 5-L B experiments. For
these experiments, the gold film was used as the right (ground) electrode. The ground
electrode was modified first by formation of a SAM, and then by formation of a5 layer
LB film, terminated in cadmium carboxylate groups, on a portion of the electrode surface.
Notethat in all cases, other ionic species (see Experimental section) were also present in
the deposition solution.
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3.1. Electrodeposition of CdS

Initial experiments focused on examining CdS films formed in a deposition cell
similar to that used by Fatas et al.[7] We used alternating voltage cycles, and deposition
times that had previously been shown by cyclic voltammetry to be sufficient for the
electrolytic formation of low concentrations of S2-.[7] The basic setup for these depositions
(referred to as BARE-AU), which were performed on a bare gold electrode (i.e., not
modified with a SAM or an LB film) isindicated in Table 1 and in Figure 1A.

Figure 2 shows an optical micrograph of the material deposited in the BARE-AU
experiment. After 1 min, sparse amounts of material were observed to deposit on the bare
gold electrode. Deposition was restricted primarily to the surface of the charged electrode,
suggesting a deposition mechanism influenced by the electrochemical nature of the
deposition cell. Deposited material exhibited uneven coverage of the gold surface, and
when removed from solution and dryed, exhibited poor adhesion to the electrode surface.
(Particles were removable from the surface by light blowing.) In the remainder of
experiments, we attempted to identify deposition conditions that took advantage of the
biomimetic, template-assisting qualities of carboxylate-terminated LB films for producing
deposited films with superior qualities (conformal coverage, crystalinity, adhesion).[8,9]

3.2. Template-Assisted Electrochemical Deposition of Crystalline CdS

The first template-assisted depositions investigated (referred to as 3-LB) were ones
in which the gold film used as the charged electrode was modified first by the reaction of
the gold with HS(CH2) 15CH3 to form a hydrophobic SAM, and then by forming a three-
layer LB film of cadmium arachidate on a portion of the electrode. This procedure resulted
in a surface of exposed cadmium carboxylate groups for use as templates for nucleation of
CdS (see Figure 1A). Electrochemical deposition at this modified el ectrode was then
performed under conditions (voltage cycles, duration) similar to those used in the BARE-
AU deposition.

Figures 3A and 3B show optical and atomic force micrographs, respectively, of
CdS deposited under the 3-LB conditions at the boundary region of the electrode between
areas that were, and were not, modified with the three-layer LB film. These micrographs
show that deposited material was restricted primarily to the surface of the LB film and that
this material consisted of roughly evenly spaced clusters that were ~ 1 um in lateral
dimension. Analysis of this sample by energy dispersive X-ray analysis (EDAX) suggested
that the material formed on the LB film was composed of cadmium and sulfur. Elements
(Na, CI, O, N) of other ions present in the deposition solution were not detected. No
cadmium or sulfur was detected on the surface of the SAM. The CdS formed on the
surface of the LB film exhibited better adhesion than that produced from the BARE-AU
deposition, and in general the deposition rate was higher for the template assisted
deposition than for the BARE-AU deposition. These results suggest a template-mediated
deposition mechanism on the surface of the LB film.
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Figure 2. An optical micrograph of material deposited by electrochemical deposition.
No organic template was present on the deposition surface. See Table 1 for experimental
conditions (BARE-AU).

Figure 3C is an atomic force micrograph of atypical single particle of CdS formed
by the 3-LB depositions. The micrograph shows that the particles formed were layered in
structure and suggest that the particles were crystalline. This was later confirmed by high
resolution AFM (see Figure 4 below). AFM imaging in height mode (micrograph not
shown) suggested an average crystallite thickness of ~30 nm for this sample and that the
average single layer thickness was 7A. It is interesting to note that the average crystallite
thickness (30 nm) and the layer thickness (7A) suggest that ~40 layers were deposited in
each crystallite of CdS. This number of layersis approximately equal to twice the number
of voltage cycles performed during the 1 min deposition. This result may suggest an
influence of the electric field created during the voltage cycling on the deposition
mechanism. We have no additional data to support this possibility at this time, however,
but we plan to continue investigation of the deposition mechanism.

At this point it isimportant to note that, although deposition under the 3-LB
experimental conditions was repeated carefully several times, the resultant films were
highly variable (i.e., exhibited wide differences in deposition amount). When substantial
material was indeed deposited, the micrographs shown in Figure 3 (and in Figures 4 and 5
below) are typical of the crystalline structures obtained. The high degree of variability in
the results obtained for the 3-LB depositions may have been due to one or more of several
factors, including variability in the number or type of defects present either in the SAM
(the presumed loci for electrochemical reduction of Sto S2) or inthe LB film. In
subsequent experiments, (e.g., for the 5-LB depositions), we took measures to avoid the
presence of such defectsin the LB film (see below).



Figure 3. Optical and atomic
force micrographs of CdS
deposited by template
assisted el ectrochemical
deposition onto a3 layer LB
film. The carboxylate groups
terminating the LB film (i.e.,
exposed at the LB film-water
interface) act as templates
that mediate the CdS
nucleation. See Table 1 for
deposition conditions (3-LB).
A. Optical micrograph of a
region showing CdS
deposited on LB film
modified areas of the sample
and SAM-modified areas of
the sample. CdS deposition
was generally restricted to
the surface of the LB film. B.
An atomic force micrograph
(force mode imaging) of a
region similar to that showed
inFig. 3A. C. An atomic
force micrograph (force
mode imaging, higher
magnification than 3B) of an
individual, layered crystallite
of CdS formed on the 3 layer
LB film. The background
roughness observed is
probably at least partially due
to the structure of the surface
of the gold electrode.



Figure 4 shows a high resolution atomic force micrograph of the crystalline | attice
on the surface of atypical crystallite formed in the 3-LB depositions. Fig. 4A presents the
raw data (force mode) obtained through the high resolution imaging and Fig. 4B presents
the image of the crystalline surface after the raw data was subjected to a Fourier transform
filtering protocol.[15] When taken together with the results of the elemental analysis
performed, the images obtained by high resolution AFM suggest that the deposited
material isindeed crystalline CdS and that the crystals are oriented with a centered
rectangular crystalline face parallel to the surface of the LB film. The centered rectangular
| attice observed (4.67 X 7.16A) is similar to that previously published for the (110)
crystalline face of the greenockite polymorph of CdS (4.14 x 7.17A).[16] This data
suggests that the template-assisted deposition conditions may be capable of producing
uniformly crystalline thin films of CdS, and that the crystalline phase obtained by
templ ate-assisted electrochemical deposition may be dlightly different from naturally-
occuring phases.

Although the crystallite imaged in Figure 3B was typical of those observed for the
3-LB depositions, other layered and non-layered structures were also observed. Figures 5A
and 5B show atomic force micrographs of another type of layered crystallite produced in
the 3-LB depositions. In these crystalline structures, the primary layered structure appears
not to be parallel to the electrode surface. Comparison of Figure 5A, acquired from the
structure initialy, to Figure 5B, taken after repeated scanning of the sample, shows the
ability of the AFM tip to remove successive layers of the stratified material.

While it may be that the material imaged in Figs. 5A and 5B, has the same
crystallographic structure as the CdS imaged in Figures 3 and 4, the material imaged in
Fig. 5C appears to be a different form of CdS, or perhaps another material entirely. The
material shown in Fig. 5C constituted the most conspicuous minor component of the
material deposited in the 3-LB depositions. Features with this sort of morphology, which
were typically much larger than the major component shown in previous figures (compare
scalesin 5C with 5A and 5B), constituted less than one percent of the deposited structures.
These structures showed no clear layered morphology, and we were unable to obtain a
crystalline lattice upon imaging at high resolution with AFM. The fact that the vast
majority of deposited crystallites were of similar size and morphology and that these other
minor constituents of larger size were present at much lower concentration suggests that
template-assisted deposition may be used to deposit crystalline materials with very narrow
particle size distributions.
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Figure 4. High resolution atomic force micrograph showing the crystalline lattice of CdS
deposited on a 3 layer LB film. See Table 1 for deposition conditions (3-LB).A. Unfiltered image
of the CdS lattice obtained by high resolution imaging of a crystalite such as the one shown in
Fig. 3C. B. The image of the CdS crystalline lattice (same area shown in 4A) after filtering by a
2D Fourier transform filtering routine.
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Figure5. Atomic force
micrographs of other features
observed of material
deposited on the 3 layer LB
film. A. A crystalline feature
similar in sizeto that in Fig.
3C. B. Changeinthe
structure of the feature shown
in 5A after prolonged
scanning under AFM. This
micrograph shows that the
AFM can affect the structure
of the crystallites. In this
case, AFM resulted in the
removal of layers of the
crystalline material (compare
Figs. 5A and 5B). C.
Structure of aminor
constituent produced in the 3
LB depositions. In contrast to
the structure of crystallites
observed as the major
constituent of the deposited
material (seefor example
Fig. 3C and Figs. 5A and
5B), these structures
(typically much larger than
the crystallites constituting
the major component) were
observed only infrequently;
less than one percent of the
deposited features exhibited
this structure.



In order to further examine the hypothesis that the carboxylate groups on the
surface of the 3-LB samples were indeed participating in template-assisted deposition, we
performed an experiment (4-LB) which used deposition conditions similar to those used
for the 3-LB experiments, with the exception that the charged electrode was covered with a
four layer LB film. The outer surface (interfacing with the deposition solution) of thisLB
film isterminated in hydrophobic methyl groups. Under the conditions (voltage cycle,
deposition time) used for the 3-LB depositions, no easily detectable amounts of material
were formed, either on the LB film or on the SAM. Only after the amplitude of the voltage
cycle (+ 1.75 V) and the deposition time (5 min) were increased, did detectable amounts of
material become deposited. Figure 6 shows an optical micrograph of the boundary region
between the LB film and the SAM underlayer of such a sample after it had been subjected
to the 4-LB conditions. It is clear that under similar deposition conditions to those used in
the 3-LB experiment, an LB film terminated with hydrophobic methyl groups (4-LB)
inhibited the crystallization of CdS. On the areas of the electrode covered with only the
SAM, only sparse amounts of material were deposited, presumably at defect sites. These
results when taken together with those presented above, strongly suggest a nucleation or
deposition mechanism that is mediated by the carboxylate or carboxylic groups on the
surface of the 3 layer LB films.

—Ea

|

Figure 6. An optical micrograph of a portion of a4 layer LB film (terminated in methyl
groups) and a portion of a SAM after they had been subjected to conditions that produced
deposition of crystalline CdS particles on 3 layer LB films. See Table 1 for deposition
conditions (4-LB).




3.3. Conformal CdS Thin Films Produced By Template-Assisted Electrochemical
Deposition.

The final deposition conditions investigated used information gained in previous
experiments to obtain uniform thin films of CdS by template-assisted el ectrochemical
deposition. 5-layer LB films terminated in cadmium carboxylate groups were fabricated
and used as templating surfaces. 5-layer LB films are thought to be, in general, more
ordered on a molecular level than three layer films,[17] and our aim was to obtain as
uniform atemplating surface as possible in order to enhance uniform nucleation and
crystallization of CdS.[18] The dipping conditions for forming the LB films (concentration
of Cd?*, pH) were also adjusted to values known to produce more ordered LB films (see
Experimental section). Furthermore the LB films (formed on a SAM-modified Au film)
were deposited onto gold electrodes that were now used as the ground electrodes in the
deposition cell. A bare platinum electrode was used as the charged el ectrode so that
reduction of Sto S?- proceeded unhindered by a dielectric SAM or LB layer. Figure 1B
gives the schematic of the deposition setup for the 5-LB depositions (see also Table 1).

Figure 7 shows that, by making these changes, we were able to fabricate conformal
thin films of CdS by template-assisted electrochemical deposition at relatively high
deposition rates on the LB films. Furthermore, these deposition conditions (summarized in
Table 1) produced a high level of reproducibility in making these thin films. Figures 7A
and 7B show optical and atomic force micrographs, respectively, of the boundary region
between the LB film-covered area of the electrode and the area of the electrode that was
modified with only a SAM. These micrographs indicate that the amount of material
deposited was much greater on the 5 layer LB film than on the hydrophobic SAM and, that
uniform conformal thin films were deposited on the 5 layer LB films. EDAX suggested
that the material that was deposited on the LB film was CdS, in that Cd and S were
detected while no other elements (Na, Cl, O, N) from ions in the deposition solution were
detected. AFM measurements (height mode, data not shown) of this boundary region
indicated that the average thickness of the deposited film was ~40 nm.

Although the fact that the deposited material (presumably CdS) was restricted
primarily to the LB film area suggested a template-mediated deposition mechanism, the
morphology (particle shape and surface features, see Figure 7C) of the material was
different from that of the crystalline CdS deposited in the 3-LB depositions. Furthermore,
we were not able to obtain an image of the crystal structure of the surface with AFM as we
did for the 3-LB sample. We are currently investigating further the possible structure and
the deposition mechanism of the CdS thin films obtained under the 5-LB deposition
conditions. One possibility is that the higher S2- concentration produced in the 5-LB
depositions favored homogeneous nucleation of CdS and the deposited film is composed,
at least in part, of crystallites nucleated in solution. These crystallites, perhaps deposited by
a physical adsorption mechanism, would be less likely to have uniform crystallographic
orientations than crystallites that nucleated on the underlying, ordered LB film.
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Figure7. Optical and
atomic force micrographs
of auniform thin film (~40
nm in thickness) of CdS
deposited by template
assisted el ectrochemical
deposition onto a5 layer
LB film. See Table 1 for
deposition conditions (5
LB). A. Optical
micrograph of aregion
showing CdS deposition
on LB-modified areas of
the sample, and SAM-
modified areas of the
sample. CdS deposition
was generally restricted to
the surface of the LB film.
B. An atomic force
micrograph (force mode
imaging) of aregion
similar to that shown in
Fig. 7A. C. An atomic
force micrograph (force
mode imaging, higher
magnification than 7B) of
the surface of the CdSfilm
formed on the 5 layer LB
film.



4. Conclusions

We have devised a method for template-assisted el ectrochemical deposition of CdS
that produced adherent, conformal thin films with relatively fast deposition rates when
compared to other solution precipitation methods. The methods described may form aroute
to the deposition of crystalline, uniform, thin CdS films that exhibit crystallographic
orientations that are dictated by an underlying organic template where nucleation occurs.

Work is ongoing in our group to examine the mechanisms of deposition for the
formation of such films. Emphasisin this work includes the investigation of possible
cooperative assembly between the LB templates and the nucleated CdS crystals, and the
effects of electric fields on the crystallization process. In addition, we are continuing to
characterize the structures of CdS films deposited in this manner. Current efforts include
analysis by transmission electron microscopy, X-ray diffraction and atomic force
microscopy.
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APPENDIX C

Characterization of Langmuir - Blodgett Films Using X-ray Reflectivity

J. Cesarano, D. Chen, M. Kent, D. Fein

Materials and Process Science Center
Sandia National Laboratories

SUMMARY

X-ray reflectivity is atechnique that measures the intensity of scattered x-rays
that have been reflected from a surface at very small angles. Thistechniqueis very
useful for determining the detailed structure of thin molecular films. However, there are
limitations of thistechnique: 1) the structural information that is gleaned from this
technique is primarily for structure throughout the thickness of the films. That is, the
out-of-plane structure that is perpendicular to the substrate; 2) the structural information
yields averaged information for the entire analysis area; and 3) The film structure does
not come directly from the reflectivity data. An end user must guess what the actual
structure may be and then use amodel to calculate areflectivity curve. If the calculated
values fit the experimental datathen it is assumed that the guessed structure is the actual
structure. This may not be totally satisfying in that you may never be absolutely certain
that there is a unique structural solution. However, in reality, the probability of having
several solutions to one reflectivity curveisvery low. Inorder to fit areflectivity curve,
four parameters must be used for each uniform layer within the structure and calculated
curves vary greatly as each parameter is varied. The variables are thickness, roughness,
and two parameters related to how the layer scatters x-rays.

The work described below is for the study of Langmuir Blodgett (LB) films of
Cd-arachidate on silicon wafers. Cd-arachidate films up to 10 layers were analyzed. The
structure of the LB filmsis actually comprised of several layered components. The
silicon wafers have a native oxide layer that is 15A thick. The native oxideisthen
rendered hydrophobic by chemically attaching a self assembled monolayer of
octadecyltrichlorosilane. The Cd-arachidate LB films are then applied. For detailed
analysis, each layer within the structure must be analyzed sequentially. The structure of
the 15A thick native silicon oxide had to be determined first. Then, the oxide/silane
together and then the oxide/silane/LB structures. Details of thiswork are presented in
the tables and Figures below. The main contribution of thiswork is that it was
determined that knowing the scattering information for a single molecular species was
not enough to fit the reflectivity data. Individual segments within molecules had to be
accounted for. With that completed, relatively good fits were obtained and detailed
information for the out-of-plane structure of Cd-arachidate on silicon was derived. In
order to obtain a detailed model of the LB film, including in-plane structure, x-ray
reflectivity should be coupled with other characterization techniques.



X-ray Reflectivity

Detects the variation in the electron density of
the specimen

Has excellent resolution (~1nm)
Is non-destructive

Is ideal for use with thin samples such as
Langmuir-Blodgett films

The main drawback is that fitting the data is a
lengthy process

X-ray Reflectometer

Frame

Kratky slit box
Translator

Rotator

Braun
Linear
PSD

Rocking Curve
LabWindows




Calculating Reflectivity

* In vacuum, the z component of the wavevector
is given by:
28

K, o= x )sine =Q/2

e Inamedium i, it is given by:

kz,i = (kz,O2 - Ll'épi)l/2

Reflectivity of a Simple Uniform Film

» The reflectance is given by:
Fiivn = (K - Ky /(Ko + K, i0q)

* And the reflectivity is given by:
lo1%+ry % + 2rg4r; , €0S(2K, ,d)
1+71y4.%r 5%+ 2ry4ry, COs(2k, ,d)

R(k, o) =




Diagram of X-ray Path
Incident Radiation

Vacuum

6,

Specimen

Substrate

For Multiple Layer Reflectivity

* The x-ray is refracted, so the incident angle is
different for lower layers.

* Using Snell’s Law:

n,cosQ, =n,cosg,

n = Refractive index

n=1-Z+iR




Calculation of Z and R

A= the wavelength of incident radiation

po = the electron density
ro = the classical electron radius

[ =the mass absorption coefficient

Roughness

* Roughness on a surface effectively makes the
incident angle variable. This is accounted for
in the theoretical calculations.

Q,

Ql Q2
=




Experimantal

Preparation of Substrate(Silanation)

1) Rinse off substrate with Ethanol and DI water

2) Blow substrate dry

3) Rinse out Silanation bottles with Ethanol

4) Plasma clean substrate in Technics MICRO PD series 900 Plasma Cleaner
a) Plasma clean for about 10 to 15 min
b) Keep at 0.250 torr and about 40 watts

5) Transfer substrate and all materialsinto (N2)dry box

6) Using syringes, transfer 20ml of hexadecane into each bottle
7) Add 8l of Octadecyltrichlorosilane(OTS) to one of the bottles
(concentration of OTS should be 1mM)
8) Transfer the substrate into the bottle with the silane-hexadecane mixture
(substrate must be submerged in solution)
9) Let the reaction take place for approximately 2-4 hours
10) After the desired reaction time, transfer the substrate from the reaction mixture to the vial containing
only hexadecane
11) Transfer everything out of the dry box
12) Take the sample out of the vial and rinse with Chloroform, Ethanol, and DI water. Scrub with a
swab soaked in chloroform if necessary
13) Blow off sample with N2 of Ar, and store in fluoroware or plastic box

14) Dispose of waste properly

Preparation of Flask that will contain subphase(Piranha Cleaning)

1) Wear full protective clothing(long rubber apron, face mask, appropriate gloves, long pants, and shoes
2) Carefully pour 4 volumes of Sulfuric Acid into the flask

3) Slowly pour 1 volume of 30% concentrated Hydrogen Peroxide into the acid

4) While pouring the H2O2, gas bubbles should start to form. BE CAREFUL! Thisreaction isvery

exothermic. Be careful when you place the cap on the flask. Do not keep the cap on for along period of
time. The gasthat isformed must be allowed to exit the bottle. Failure to remove the cap fast enough
may result in the bottle exploding due to gas pressure

5) Place the cap on, shake the bottle, and quickly remove the cap. Repeat thisfor at least 15 minutes.
The reaction will slow down after awhile, becoming less exothermic.

6) Pour the "Pirhana solution" into the appropriate waste bottle

7) Rinse the bottle with DI water straight from the faucet for at least 5 minutes

8) The bottle is clean when the bubbles that form from shaking the bottle disappear from the water. If the
bubbles stay on the surface, then the bottle still contains organic ontaminants. The bottle can be used for
the next 6 months without recleaning

Preparation of Subphase

1) Rinse out 2000ml flask with DI water straight from faucet

2) Measure out 0.1800g of CdClo(for a Cadmium concentration of 5x10'4M)and place in the empty flask
3) Fill the flask to the top(2000ml) with DI water

4) Shake until the CdCl2 is dissolved and mixed thoroughly

5) Take pH of mixture
6) Adjust pH by adding 0.1M NaHCOz3 until the pH is about 6.50




Using the Nima L angmuir-Blodgett Trough

Preparation of the Trough

1) The surface of the trough, and all the parts of the trough which will be in contact with
the subphase should be wiped with a Kimwipe soaked in isopropanol (wearing
polyethylene gloves)

2) The trough should now be wiped with a Kimwipe soaked in DI water

3) The barriers should be attached, with the end of the barrier touching the outside edge
of the trough

4) The pressure sensor isthen attached. Take an"S" hook, and hook it to the pressure
sensor wire. Attach the long copper colored wire to the other end, and attach
another "S" hook to the other end of the copper wire. Then attach the Wilhelmy
plate to the other end of the "S" hook

5) The subphase should then be poured into the trough. The surface of the subphase
should be about 1-2mm over the top of the edge of the trough

Cleaning the Subphase

1) Before the Wilhelmy plate is lowered into the subphase, the surface should be cleaned
a) Turn on the aspirator pump
b) Put the pipette head at the surface of the subphase to suck off any floating
material
¢) Move the pipette around to cover the whole area between the barriers

2) Lower the Wilhelmy plate completely into the subphase and let it sit for afew minutes

3) Make sure the barriers are fully opened, and position the pressure sensor so that about
two-thirds of it is submerged in the subphase

4) Zero the pressure sensor(press the [Z] button)

5) Lift the pressure sensor out of the subphase. The pressure should change about
70mN/m( the exact value for pure water in an atmosphere of saturated water
vapor at 293K is 72.8mN/m)

6) Reposition and rezero the sensor

7) Press the [ENTER] button to start the isotherm. The isotherm should be constant
except for asmall peak at the end, caused by contaminants on the subphase
surface

8) Suck off the surface of the subphase again, and open the barriers

9) Repeat steps 8 and 7 and 8 until the pressure(*a) is less than 0.5mN/m when the
barriers are closed

10) If the subphase level istoo low, pour more in until the level is high enough

11) Check the pressure again

12) Open the barriers completely

Spreading the Monolayer

1) Rinse out a 100ul syringe with chloroform about 3 times

2) Get about 100ul of Arachidic Acid in Chloroform(2mM ~ 25mg/40ml)

3) Hold the syringe tip about 5-10 mm from the surface of the subphase

4) Place one drop of the Arachidic Acid on the surface of the subphase

5) Wait for the drop to completely disappear, and repeat until al 100ul are deposited on
the surface

6) Repeat steps 2 through 5 until about 300ul of the Arachidic Acid solution is deposited
on the surface

7) Let the chloroform evaporate for at least 15 minutes.
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Dipping the Sample
1) Place the substrate in the holder, and place the holder on the trough
2) Lower the substrate until it is very close to the surface of the subphase
a) Press [D] to move the dipper
b) Press[D] again to tell the dipper to go down
c) Let the dipper lower
d)Press [SPACE BAR] to stop the dipper
3) Program the dipper
a) Press [M] to go to the menu
b) Program dipping conditions
1: Press [D] to go to the dipper menu
2: Press [A] to set the area of the substrate
3: Press [N] to set the number of layers to be dipped
4: Press [T] to set the target pressure (28mN/m)
5: Press [D] to set the dipping speed (1.6mm/min)
6: Press [W] to set the dipper wait (Use ~605)
A) Thistells the dipper what duration to wait between each bilayer
B) If no wait is desired, leave it a Os
7: Set dipper start and end
A) Press[E] to switch from enter to teach mode
B) Press[1], and the location of the dipper currently will appear
1- Press[SPACE BAR]
2- Press[Y] to log the position as the start position
C) Press[E] to switch back to enter mode
D) Press[2] and enter the end position
8: Press [Q] to exit dipping menu
¢) Program operating conditions
1: Press[V] and enter the volume of Arachidic Acid solution used
2: Press [B] to change barrier speed
3: Add any comments
4: Press[Q] to exit the operating conditions menu
d) Press[Q] to return to the isotherm
4) Cover the trough opening with the plastic sheet
5) Zero the pressure sensor(Press [Z])
6) Press [ENTER] to start the compression of the monolayer
7) When the pressure is close to the target pressure, hit [SPACE BAR]
8) Press[P] to turn on the pressure control, and press [ENTER] to compress the barriers
9) When the target pressure is reached, hit [D] to begin the dipping program
10) When the dipping is done, raise the dipper all the way
11) Remove the holder, and remove the sample. Place the sample in a plastic sample box
12) Press[S] to save data

Emptying the Trough
1) Open the barriers completely (Press[O])
2) Plug in the aspirator pump
3) Suck off the surface of the subphase
4) Press [E] to begin easy clean
a) The barriers will compress to the target pressure, and the
5) Suck out all the subphase
6) Remove the pressure sensor, and the barriers
7) Wipe the surface with kimwipes soaked in isopropanol and DI water
8) Put on trough cover and close doors
9) Press[Q] to quit the trough program
10) Turn off the computer and the trough




Sample conditions for figures

Fig. 9 Si/SiOp 15A

Rinsed with Ethanol and DI water
Plasma Cleaned

Substrate dimensions = 1'x1'

Fig. 10 Si/SiO2 15A with 1 layer of Octadecyltrichlorosilane
Rinsed with Ethanol and DI water

Plasma Cleaned

Silanated in 25ml of hexadecane and 10l of OTS for 4 hours
Scrubbed with a swab soaked in Chloroform

Rinsed with Chloroform, Ethanol, and DI water

Substrate dimensions = 1'x1'

Fig. 11 Si/SiO2 15A with 1 layer of OTS and a 2 layer LB film of cadmium arachidate

Rinsed with Ethanol and DI water

Plasma Cleaned

Silanated in 20ml of hexadecane and 8l of OTS for 4 hours
Scrubbed with a swab soaked in Chloroform

Rinsed with Chloroform, Ethanol, and DI water

Dipped diagonally using alligator clip holding the corner
Subphase conditions - 0.180g CdCl2, adding ~1.5ml of

0.1IM NaHCO3 pH = 6.49 [Cd*] = 5x10"4M
Dipper speed = 1.6 mm/min
Target pressure = 28mN/m
Barrier Speed = 50cm2/min
2854l of Arachidic Acid/Chloroform solution(2mM) deposited on surface
Dipper wait = 0 seconds
Dipper start position = 24.6mm
Dipper end position = 55.0mm
Length of film ~ 30.0mm
Substrate dimensions = 1'x1'

Fig. 13 Si/SiO2 15A with 1 layer of OTS and a 10 layer LB film of Cd-arachidate

Rinsed with Ethanol and DI water

Plasmaleaned

Silanated in 30ml of hexadecane and 12yl of OTS for 4 hours
Scrubbed with a swab soaked in Chloroform

Rinsed with Chloroform, Ethanol, and DI water

Subphase conditions - 0.180g CdCl2, adding ~1.5ml of

0.1M NaHCO3 pH = 6.53 [Cd*] = 5x1074M
Dipper speed = 1.6 mm/min
Target pressure = 28mN/m
Barrier Speed = 50cm2/min
2854l of Arachidic Acid/Chloroform solution(2mM) deposited on surface
Dipper wait = 60 seconds
Dipper start position = 40mm
Dipper end position = 74mm
Length of film ~ 34mm
Substrate dimensions = 1'x1.5'



Thickness A Delta Beta Roughness A

0 7.4] 0.173 3 silicon substrate
15 7.5] 0.098 4 silica
1
10 HEBRBRERERREREREREE
. Native Silicon Oxide Layer
1 calculated
10™* —e-measured
10 I [
- 3 calculated with
£ 10 0 A roughness
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Figure 9: Reflectivity data and fit show that the native oxide layer on our silicon wafersis 15A thick
with aroughness of 4A. A roughness value 4A was necessary to obtain a good fit with the experimaental dati
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Reflectivity

Th. (&) Deltax10 ° | Betaxto *° RA
0 7.5 173 3 silicon substrate
15 7.5 .098 4 silica
5.5 4.22 .1585 1 silane head groups
15.2 3.48 .00431 5 hydrocarbon tail
1.0 .445 .00004 0 silane H group

u OTS Monolayer
10° k-
"& calculated

measured

10 *
N\
10 ™ \
— 00—

10 ° \E’( e

N

-
10 ° I
0 0.1 0.2 0.3 0.4 0.5

QA ™)

Figure 10: Thisreflectivity data and fit show that the OTS monolayer is conformal to the substrate
with aroughness of 5A. Also, this fit shows that OTS molecules need to be anaylzed as three entities



Reflectivity

Th. (&) Deltaxt0 ©° | Betaxto ° | RA)
1.2 .97 .01 2 silane-arachidic (H-H)
24.1 3.48 .00431 3 arachidic hydrocarbon tail
4.4 10.72 .5443 4 head groups (COO-Cd-OO0C)
24.1 3.48 .00431 3 arachidic hydrocarbon tail
.6 .445 .00004 1 arachidic tail (H)
1V T T T T T 1 T T T [ T 1T T 1T [ T T 11
o 1 Bilayer of Cd-Arachidate
10 —— q
. _} measure
10 il calculated
0?2 -¥

lo_ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 0.1 0.2 , 03 0.4 0.5
QA ™)
Figure 11: Reflectivity for one LB bilayer of Cd-arachidate. The fit is reasonable and shows that

the bilayer istilted about 15 degrees (see Figure 12). However the calculated structure shows
more detail than the actual structure and implies that the bilayer is not as ordered as depicted in Figure 12
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Arachidic Acid molecules are tilted at approximately 15°

T ameseemeansnrassess
s

OTS head SiCl,
[ [ Y A

Sio,

Si

Figure 12: A schematic of the structure that was used to fit the datain Fig. 11. Thisfit shows that the Cd head group
region must be treated separately from the rest of the bilayer. Also, the length of the hydrocarbon tails used to fit the
data (24.1 A) implies that the tails are actually tilted approximately 15 degrees from vertical.
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5 Bilayers of Cd-Arachidate

10° |
—®— exp data

2 10
é
Y

10

10 °

lo _8 L L 1 L 1 1 L L 1 L 1 1 1 1 1 L 1 L 1 1

0 0.1 0.2 0.3 0.4 0.5

QA ™)

Figure 13: Reflectivity from 5 bilayers of Cd-arachidate. The actual structure does not have the very fine detail of
the fitted model structure (see Fig. 14). However, the fit and hydrocarbon tail length, imply that the LB structure i:
arigid crystalline structure that is not tilted. This may explain why 5 layer Cd-arachidate films provided better
templating for CdS growth than the 3 layer Cd-arachidate films discussed in Appendix B.
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Thickness(A)  Z(10°) R(109) Roughness(A)

00 75 0.173 3.0
| |‘/ 150 7.5 0.098 4.0
[ : :5.5 4.22 0.1585 1.0
152 3.48 0.004315.0
chbosesslhel ® 10 oo 0.01 0.2
~— 051 348 0.00431 2.0
25.1 3.48 0.00431 2.0
- oo 0.01 0.2
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0000000000000
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Figure 14: A schematic of the structure used to fit the reflectivity datain Fig. 13. The structure is not tilted with
abilayer thickness that is comparable to crystalline Cd-arachidate. The expected bilayer thickness for Cd-arachidate
is approximateky 56A. Bilayers#1-4 yield athickness of 55.6A +/- 1A. Bilayer #5 yields athickness of 58.6A +/- 4/
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